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Abstract Glycosylphosphatidylinositol-specific phospholi-
pase D (GPI-PLD) is abundant in serum and associates with
high density lipoproteins (HDL). We have characterized the
distribution of GPI-PLD among lipoproteins in human
plasma. Apolipoprotein (apo)-specific lipoproteins contain-
ing apoB (Lp[B]), apoA-I and A-II (Lp[A-I, A-II]), or apoA-I
only (Lp[A-I]) were isolated using dextran sulfate and im-
munoaffinity chromatography. In six human plasma sam-
ples with HDL cholesterol ranging from 39 to 129 mg/dl,
79 

 

6

 

 14% (mean 

 

6

 

 SD) of the total plasma GPI-PLD activ-
ity was associated with Lp[A-I], 9 

 

6

 

 12% with Lp[A-I, A-II],
and 1 

 

6

 

 1% with Lp[B]; and 11 

 

6

 

 10% was present in
plasma devoid of these lipoproteins. Further characteriza-
tion of the GPI-PLD-containing lipoproteins by gel-filtration
chromatography and nondenaturing polyacrylamide and
agarose gel electrophoresis revealed that these apoA-I-
containing particles/complexes were small (8 nm) and mi-
grated with pre-

 

b

 

 particles on agarose electrophoresis.
Immunoprecipitation of GPI-PLD with a monoclonal anti-
body to GPI-PLD co-precipitated apoA-I and apoA-IV but
little or no apoA-II, apoC-II, apoC-III, apoD, or apoE. In
vitro, apoA-I but not apoA-IV or bovine serum albumin in-
teracted directly with GPI-PLD, but did not stimulate GPI-
PLD-mediated cleavage of a cell surface GPI-anchored pro-
tein. Thus, the majority of plasma GPI-PLD appears to be
specifically associated with a small, discrete, and minor frac-
tion of lipoproteins containing apoA-I and apoA-IV.
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The importance of minor, high density lipoprotein
(HDL)-associated proteins in lipid metabolism and ath-
erosclerosis has been increasingly appreciated (1–3).
Some of these minor, HDL-associated proteins form spe-
cific, discrete particles [e.g., paraoxonase with apolipo-
protein A-I (apoA-I) and J] or are broadly distributed
among different HDL (e.g., platelet-activating factor acetyl-
hydrolase). Glycosylphosphatidylinositol-specific phospho-
lipase D (GPI-PLD) associates with HDL (4). GPI-PLD is a

 

120-kDa N-glycosylated protein that is relatively abundant in
human serum (5–10 

 

m

 

g of protein per ml) (5–9). GPI-PLD
has been cloned from a number of sources, and GPI-PLD ac-
tivity and mRNA have been identified in a number of tissues
including mast cells, pancreatic islets, and liver (10, 11).
Liver appears to be the primary source of circulating GPI-
PLD (12, 13). Although GPI-PLD specifically cleaves GPIs
in vitro, GPI-PLD appears to cleave GPI-anchored pro-
teins from the cell surface only if the membrane is per-
turbed with detergents, raising the possibility that GPI-PLD
is catalytically inactive in serum or requires a change in
the membrane environment of the substrate to allow
cleavage (14–16). ApoA-I has been reported to stimulate
GPI-PLD activity in vitro, using a purified substrate (17),
but it is unclear whether apoA-I is sufficient to stimulate
GPI-PLD-mediated cleavage of a cell surface-bound GPI-
anchored protein. Hence, the function of GPI-PLD in
serum and why it associates with HDL are unknown.

As an initial approach to addressing the function of
GPI-PLD in serum, we isolated apolipoprotein-specific
lipoproteins and characterized GPI-PLD-containing lipo-
proteins in human plasma. Human plasma HDL are made
up of two major populations of particles. Both contain
apoA-I, but only one contains apoA-II (Lp[A-I] and Lp[A-I,
A-II]) (18). The majority of GPI-PLD associates with Lp[A-I],
with a size and electrophoretic mobility distinct from the
bulk of HDL. This particle also contains apoA-IV. ApoA-I,
but not apoA-IV, directly interacts with GPI-PLD but does
not stimulate GPI-PLD-mediated cleavage of acetylcho-

 

Abbreviations: apo, apolipoprotein; BSA, bovine serum albumin;
GPI, glycosylphosphatidylinositol; GPI-PLD, glycosylphosphatidylinositol-
specific phospholipase D; HDL, high density lipoprotein; LDL, low
density lipoprotein; Lp[A-I], lipoproteins containing apoA-I only;
Lp[A-I, A-II], lipoproteins containing apoA-I and apoA-II; Lp[B], lipo-
proteins containing apoB; PAGE, polyacrylamide gel electrophoresis;
PI-PLC, phosphatidylinositol phospholipase C; VLDL, very low density
lipoprotein.
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linesterase (AChE, a GPI-anchored protein) from porcine
erythrocytes.

EXPERIMENTAL PROCEDURES

 

Materials

 

Bovine serum albumin (BSA), fatty acid free, and polyethyl-
ene glycol (PEG, average molecular weight 8,000) were pur-
chased from Sigma (St. Louis, MO). Dimethylsuberimidate
(DMS) was purchased from Pierce (Rockford, IL). Anti-human
apoC-II and apoC-III were purchased from Academy Bio-Medi-
cal (Houston, TX). Anti-human apoA-I and apoE were a kind
gift from R. Lin (Indiana University, Indianapolis, IN). Purified
human apoA-I and apoA-IV were a kind gift from J. Oram (Uni-
versity of Washington, Seattle, WA). Phosphatidylinositol phos-
pholipase C (PI-PLC) was a kind gift from T. Rosenberry (Mayo
Clinic, Jacksonville, FL). A monoclonal antibody to purified hu-
man serum GPI-PLD, 612c (19), was a gift from M. Davitz (Darby
and Darby, New York, NY). Rabbit anti-GPI-PLD

 

771

 

 was prepared
with a peptide corresponding to amino acids 771 –790 of human
serum GPI-PLD (M. A. Deeg, D. M. Larson, R. F. Bowen, M. A.
Kennedy, and C. B. Verchere, unpublished observations). Hu-
man volunteers gave informed consent as approved by the re-
spective institutional review boards of the University of Washing-
ton and Indiana University. Subjects were chosen among healthy
individuals and patients with lipid disorders to obtain a broad
range of conditions.

 

Preparation of lipoprotein particles

 

For apo-specific particles, blood from six fasting volunteers
with HDL cholesterol ranging from 39 to 129 mg/dl was col-
lected in tubes containing lithium heparin and passed sequen-
tially through dextran sulfate cellulose, anti-apoA-II, and anti-
apoA-I columns (20). The flowthrough plasma is free of apoA-I-,
apoA-II-, and apoB-containing lipoproteins and is referred to as

lipoprotein-free plasma. Elution of particles from the columns
with 3 M sodium thiocyanate (NaSCN), pH 7.0, yields lipopro-
teins containing apoB (Lp[B]), apoA-II and A-I (Lp[A-I, A-II]),
and apoA-I (Lp[A-I]), respectively. The eluted lipoproteins were
immediately desalted on Sepharose G-25, and an aliquot was
taken for determining GPI-PLD activity and concentrated. Re-
covery of GPI-PLD activity ranged from 80% to 110% (n 

 

5

 

 6).
Concentrating the sample resulted in a 10 –15% loss of the GPI-
PLD activity. Very low density lipoproteins (VLDL), low density
lipoproteins (LDL), and HDL were prepared by ultracentrifuga-
tion (18). 

 

Table 1

 

 summarizes the total serum lipids and isolated
apo-specific lipoprotein lipid composition for each of the subjects.

 

Purification and measurement of GPI-PLD activity

 

GPI-PLD was purified from human serum and activity was de-
termined with [

 

3

 

H]myristate-labeled variant surface glycopro-
tein as a substrate as previously described (21). Phosphatidic
acid was confirmed as the only product by thin-layer chromatog-
raphy (data not shown). Product formation was linear with re-
spect to time and protein content. One unit of activity was arbi-
trarily defined as conversion of 1% of the substrate per minute.

 

Gel filtration

 

For gel filtration, aliquots of plasma (0.1 ml) or lipoproteins (0.4
ml) were loaded onto a Superose 12 HR 10/30 column or Super-
ose 6 HR 10/30 (as indicated in figure legends; Amersham Phar-
macia Biotech, Piscataway, NJ) in 10 mM Tris-HCl (pH 7.0), 100
mM NaCl, 0.02% NaN

 

3

 

 with a flow rate of 0.25 ml/min; fractions
(0.5 ml) were collected and aliquots were assayed for GPI-PLD ac-
tivity or immunoreactive mass as described below. To determine
whether the GPI-PLD complexes were detergent sensitive, Triton
X-100 was added to human serum to a final concentration of 1%
(v/v) and incubated overnight at 4

 

8

 

C. Lipoproteins were separated
by gel filtration and GPI-PLD activity was determined in each frac-
tion. Cholesterol content was determined with a cholesterol assay
kit (Boehringer Mannheim, Indianapolis, IN) and apoA-I content
was determined by radial immunodiffusion (22).

TABLE 1. Summary of total serum lipid values and lipoprotein composition for subjects

 

Subject

1 2 3 4 5 6

 

Age 33 53 39 34 29 32
Gender M M

 

a

 

F M

 

b

 

F

 

b

 

M
Total cholesterol (mg/dl) 103 250 188 213 165 197
Total triglycerides (mg/dl) 41 50 44 179 70 233
VLDL cholesterol (mg/dl) 8 17 9 36 14 ND
LDL cholesterol (mg/dl) 54 104 108 126 86 ND
HDL cholesterol (mg/dl) 40 129 71 51 65 39
ApoA-I (mg/dl) 115 254 162 150 155 132
ApoB (mg/dl) 40 78 73 100 73 112
Lp[A-I]

Cholesterol (mg/mg protein) 0.13 0.46 0.26 ND ND ND
Triglyceride (mg/mg protein) 0.09 0.03 0.02 ND ND ND

Lp [A-I, A-II]
Cholesterol (mg/mg protein) 0.12 0.34 0.38 0.29 0.26 ND
Triglyceride (mg/mg protein 0.06 0.02 0.02 0.11 0.05 ND

Lp[B]
Cholesterol (mg/mg protein) 0.43 0.62 0.43 1.06 ND ND
Triglyceride (mg/mg protein) 0.41 0.27 0.13 0.75 ND ND

Serum was isolated from six fasting subjects and serum lipids and apolipoproteins were determined as de-
scribed in Materials and Methods. Apolipoprotein-specific lipoproteins were isolated, and cholesterol, triglycer-
ides, and protein were measured as described in Experimetal Procedures. ND 

 

5

 

 not determined.

 

a

 

Heterozygous familial hypercholesterolemia.

 

b

 

Type 1 diabetes mellitus.
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Electrophoresis and immunoblotting

 

Agarose electrophoresis and nondenaturing gradient poly-
acrylamide gel electrophoresis (PAGE) were performed as de-
scribed previously (18). For sodium dodecyl sulfate (SDS)-PAGE,
an aliquot was solubilized in Laemmli buffer (23) containing 1 mM
dithiothreitol and electrophoresed in a 7.5% polyacrylamide gel.
Purified apoA-I was used as a marker for pre-

 

b

 

 particles and was
identified by Western blotting.

For immunoblotting, SDS-PAGE, agarose, or nondenaturing
gels were transferred to nitrocellulose. After blocking in phos-
phate-buffered saline containing 1% (w/v) BSA, 1% (w/v) milk
protein, and 0.05% (v/v) Tween 20 for 1 h at room temperature,
the membrane was incubated with 612c, a monoclonal antibody
to the human serum form of GPI-PLD (19), at 15 

 

m

 

g/ml in the
same buffer overnight at 4

 

8

 

C. The nitrocellulose was washed
three times in blocking buffer and the antigen:antibody com-
plex detected with 

 

125

 

I-labeled goat anti-mouse (Amersham, Ar-
lington Heights, IL). Either prestained (GIBCO-BRL, Gaithers-
burg, MD) or 

 

125

 

I-labeled standards were used as molecular mass
markers. Later experiments used rabbit anti-GPI-PLD
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 to iden-
tify GPI-PLD (antibody used is listed in the figure legends). This
antigen:antibody complex was identified with ECL Plus (Amer-
sham Pharmacia Biotech).

 

Binding assay

 

To examine the interaction of GPI-PLD with proteins, we devel-
oped a gel-shift assay. Purified GPI-PLD (0.2 

 

m

 

g) was incubated
with the desired protein (ranging from a 1- to 100-fold molar ex-
cess) in a final buffer consisting of 150 mM NaCl, 1 mM CaCl

 

2

 

, 10
mM 

 

N

 

-2-hydroxyethylpiperazine-

 

N

 

9

 

-2-ethanesulfonic acid (HEPES,
pH 7.0), and 0.1 mM phenylmethylsulfonyl fluoride in a final vol-
ume of 20 

 

m

 

l. After incubating for 60 min at 37

 

8

 

C, 12.5 

 

m

 

l of a 50%
sucrose solution in electrophoresis buffer was added to the sam-
ples. The samples were loaded onto a 6% nondenaturing polyacry-
lamide gel. The gels were prerun for 20 min at 15 mA, the samples
were loaded, and proteins were separated by running the gel for
an additional 20 h at a constant 15 mA. Proteins were transferred
to nitrocellulose and GPI-PLD was identified by Western blotting.

Purified GPI-PLD will aggregate (9). Incubating purified GPI-
PLD with 2% Nonidet P-40 (NP-40) dissociates the aggregate and
is referred to as monomeric GPI-PLD. The migration of the disso-
ciated GPI-PLD relative to the aggregated GPI-PLD was measured
with a Bio-Rad (Hercules, CA) Gel Doc system and the migration
distance was determined with Molecular Analyst software (Bio-
Rad). Serum GPI-PLD (0.5 

 

m

 

l of human serum) or GPI-PLD incu-
bated with 2% NP-40 was used for comparison with the various ex-
perimental conditions. The migration of GPI-PLD under the vari-
ous conditions relative to the aggregated GPI-PLD was compared
with monomeric GPI-PLD and serum GPI-PLD, using the follow-
ing equation: (migration distance of GPI-PLD 

 

2

 

 migration dis-
tance of serum GPI-PLD)/(migration of monomeric GPI-PLD 

 

2

 

migration distance of serum GPI-PLD). Using this formula, the
migration distance of GPI-PLD in the presence of NP-40 is 1 and
the migration distance of serum GPI-PLD is 0.

To determine whether GPI-PLD was directly interacting with
proteins, GPI-PLD (0.2 

 

m

 

g) was incubated with a 100-fold molar
excess of protein as described above, and then proteins were
cross-linked with DMS as previously described (24). GPI-PLD was
identified by Western blotting, using anti-GPI-PLD

 

771

 

.

 

Immunoprecipitation of GPI-PLD complexes

 

To immunoprecipitate GPI-PLD-containing complexes, 80 

 

m

 

l
of 36% (w/v) PEG was added to 400 

 

m

 

l of human serum and in-
cubated for 30 min on ice to remove VLDL and LDL. The sam-
ple was centrifuged (13,000 

 

g

 

 for 20 min) and the supernatant
was removed. To 25-

 

m

 

l aliquots of the supernatant, 5 

 

m

 

g of 612c

or nonspecific mouse IgG

 

1

 

 was added and incubated for 4 h at
room temperature. Complexes were precipitated by adding 5 

 

m

 

g
of rabbit anti-mouse IgG, incubated for 1 h at 4

 

8

 

C, and pelleted
by centrifugation (13,000 

 

g

 

 for 5 min). The precipitate was gently
washed once with HEPES-buffered saline [20 mM HEPES (pH
7.0), 150 mM NaCl]. Apolipoprotein composition of the immu-
noprecipitate was determined by Western blotting. Either puri-
fied apolipoproteins or human serum was used as positive con-
trols for the various apolipoproteins

 

Release of AChE from porcine erythrocytes

 

Release of GPI-anchored AChE from porcine erythrocytes was
done as previously described (25). Isolated erythrocytes were in-
cubated with GPI-PLD (0.5 

 

m

 

g) in the absence or presence of a
100-fold molar excess of apoA-I or A-IV. All preparations of GPI-
PLD used in these experiments were tested for enzymatic activ-
ity, apoA-I binding, pattern of trypsin cleavage (21), and phos-
phorylation (M. A. Deeg, R. F. Bowen, M. A. Kennedy, and C. B.
Verchere, unpublished observations) to verify proper biochemical
properties of each preparation. Incubation with PI-PLC (1 U/ml)
for 60 min at 37

 

8

 

C was used as a positive control. Release of
AChE activity into the medium was determined by a modification
of the method of Ellman et al. as previously described (25). Results
are expressed as the rate of increase in absorbance at 412 nm.

 

Other analytical procedures

 

Protein was determined by the assay of Lowry et al. (26), with
BSA as the standard. Triglycerides were determined with com-
mercial kits (Sigma-Aldrich, St. Louis, MO). Apolipoprotein B
was determined by a previously published immunoassay (27).

 

RESULTS

 

Distribution of GPI-PLD among lipoproteins
in human plasma

 

The distribution of GPI-PLD among lipoproteins in hu-
man plasma was assessed by gel-filtration chromatography
(Superose 12). Nearly all the GPI-PLD activity eluted in
fractions 19–25, which overlapped with HDL. HDL eluted
in fractions 20–25 (

 

Fig. 1A

 

). A small shoulder of activity
preceding the major peak was present in all subjects. In
some patients, a small amount of GPI-PLD activity was
present at the void volume (Fig. 1A). To confirm that GPI-
PLD activity correlated with GPI-PLD mass, gel-filtration
fractions were subject to immunoblotting with a mono-
clonal antibody to human serum GPI-PLD, 612c. Immu-
noreactivity was identified in the fractions with the highest
GPI-PLD enzymatic activity (Fig. 1B). Because lipopro-
teins can be disrupted by detergents, the effect of 1% Tri-
ton X-100 on GPI-PLD elution was examined. Using a dif-
ferent gel-filtration column (Superose 6 compared with
Fig. 1A), GPI-PLD in serum eluted with HDL cholesterol
(not shown) in fractions 36–46 (Fig. 1C), with the peak
elution in fraction 40. After adding Triton X-100, GPI-
PLD eluted in fractions 35–43, with the peak activity in
fraction 38. This suggests that the Triton X-100:GPI-PLD
complex may be larger than the native GPI-PLD complex
in serum. These results are consistent with GPI-PLD asso-
ciating with HDL in plasma.

To determine which HDL subfraction is associated with
GPI-PLD, lipoproteins were isolated by a three-step dextran
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sulfate and immunoaffinity chromatography procedure,
which isolates lipoproteins containing apoB (Lp[B]), apoA-I
without apoA-II (Lp[A-I]), and apoA-I with apoA-II
(Lp[A-I, A-II]). The remaining fraction is essentially free
of lipoproteins. Fractionation was performed on samples
from six individuals with HDL cholesterol ranging from
39 to 129 mg/dl (Table 1). The majority of GPI-PLD activ-
ity was isolated with Lp[A-I] (79 

 

6

 

 14%). A small and vari-
able amount was isolated with Lp[A-I, A-II] (9 

 

6

 

 12%),
Lp[B] (1 

 

6

 

 1%), or lipoprotein-free plasma (11 

 

6

 

 10%)
(

 

Table 2

 

). These results are consistent with the gel-filtration
results, with GPI-PLD coeluting with HDL, and suggest
that the majority of GPI-PLD in serum is associated with
Lp[A-I] particles. GPI-PLD in the lipoprotein-free fraction

may be “free,” that is, not bound to lipoproteins, not asso-
ciated with other proteins, or partially proteolytically
cleaved, or it may represent GPI-PLD that dissociates from
lipoproteins during the isolation of the particles.

 

Characterization of GPI-PLD-containing lipoproteins

 

Lp[A-I] and Lp[A-I, A-II] were isolated and GPI-PLD-
containing complexes were further characterized by gel-
filtration chromatography, nondenaturing PAGE, and
agarose gel electrophoresis. On gel filtration, Lp[A-I] had
only one peak of GPI-PLD activity (

 

Fig. 2A

 

). In contrast, in
subjects with GPI-PLD activity in Lp[A-I, A-II], there were
two peaks of GPI-PLD activity (Fig. 2B). The larger peak
had an elution volume similar to the GPI-PLD activity in
Lp[A-I] whereas the minor peak of activity observed had a
smaller elution volume. This minor peak corresponded to
the shoulder of activity seen in the gel filtration of plasma
(Fig. 1A). In the lipoprotein-free plasma, the GPI-PLD ac-
tivity had a slightly greater elution volume than was ob-
served in Lp[A-I] (Fig. 2A).

When the two populations of apoA-I-containing lipo-
proteins were separated by nondenaturing gradient PAGE,
Coomassie blue staining showed that the component parti-
cles were heterogeneous in size (data not shown). However,
in both Lp[A-I] and Lp[A-I, A-II], the only particles con-
taining GPI-PLD were seen at 8 nm (Fig. 2B). This corre-
sponded to a similarly sized GPI-PLD complex in plasma
(Fig. 2B). This particular individual (subject 2; Table 1)
also has a significant amount of GPI-PLD migrating at the
dye front consistent with the large amount of GPI-PLD ac-

Fig. 1. Distribution of GPI-PLD among lipoproteins. A: Human plasma (patient 3, Table 1) was chromatographed by gel filtration (Superose
12). Aliquots were taken for the determination of GPI-PLD activity (open circles), apoA-I (squares), and cholesterol (closed circles) as de-
scribed in Experimental Procedures. The absorbance at 280 nm was omitted for clarity. The first peak of cholesterol corresponds to VLDL
and LDL and the second to HDL. B: GPI-PLD mass was determined by Western blotting, using 612c as the antibody as described in Experi-
mental Procedures. Results are representative of plasma samples from six subjects. C: Human plasma (subject 1, Table 1) was incubated
overnight in the absence (control) or presence of 1% Triton X-100 (1TX-100), and then lipoproteins were separated by gel filtration (Su-
perose 6). Only the fractions corresponding to HDL are shown. Fractions were assayed for GPI-PLD activity as described above.

 

TABLE 2. Distribution of GPI-PLD among lipoproteins

 

Total Serum 
GPI-PLD

GPI-PLD Distribution (% of total)

Patient Lp[A-I] Lp[A-I, A-II] Lp[B] Lp-Free

 

U/l

 

1 10.5 82 4.4 0 13.5
2 6.5 69 2.6 0 28.4
3 9.6 91 4.7 0.4 3.9
4 8.7 74 7.9 3.6 14.2
5 6.2 59 33 1.2 6.9
6 7.4 98 1.5 0 0.4

Mean 

 

6

 

 SD 79 

 

6

 

 14 9 

 

6

 

 12 1 

 

6

 

 1 11 

 

6

 

 10

Lipoproteins were isolated from six individuals as described in Exper-
imental Procedures, and distribution of GPI-PLD activity was determined.
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tivity present in the lipoprotein-free fraction in this sub-
ject (Table 2). These results suggest that GPI-PLD distri-
bution between Lp[A-I] and Lp[A-I, A-II] is restricted to a
relatively small particle or complex distinct from the bulk
of HDL. This is supported by the observation that GPI-PLD-
containing lipoproteins migrated with pre-

 

b

 

 particles on
agarose electrophoresis (Fig. 2C).

 

Apolipoprotein composition of 
GPI-PLD-containing complexes

 

To examine whether apolipoproteins other than A-I are
associated with the GPI-PLD-containing complex, we im-
munoprecipitated GPI-PLD from two human plasma sam-
ples and probed for additional apolipoproteins, using West-
ern blotting. With the control antibodies, small amounts of
apoA-I and apoE were detected, suggesting some nonspe-
cific precipitation with the nonspecific antibodies. As ex-
pected, 612c, a monoclonal antibody to human serum
GPI-PLD, immunoprecipitated GPI-PLD and a significant

amount of apoA-I from human plasma (

 

Fig. 3

 

). Interest-
ingly, apoA-IV was also detected. However, no immunoreac-
tivity for apoA-II, apoC-II, apoC-III, or apoD was detected. A
similar amount of apoE was detected in precipitates using
either nonspecific antibodies or 612c.

 

Interaction between GPI-PLD and apoA-I and apoA-IV

 

To determine whether GPI-PLD directly interacts with
apoA-I or apoA-IV, we developed a gel-shift assay utilizing
a nondenaturing gel to separate GPI-PLD complexes.
GPI-PLD was identified by Western blotting. Purified GPI-
PLD migrated as a single band (

 

Fig. 4A

 

, lane 2). This
likely represents aggregated GPI-PLD that forms during
purification (9). Aggregated GPI-PLD can be dissociated
by adding detergent (4). In the presence of NP-40, a faster
migrating band, which likely represents monomeric GPI-
PLD, is present (Fig. 4A, lane 1). In contrast, a single
GPI-PLD complex was identified in serum, which mi-
grated slower than the monomeric GPI-PLD (Fig. 4A, lane

Fig. 2. Characterization of GPI-PLD-containing lipoproteins. Lipoprotein particles prepared by affinity
chromatography. A: Immunoaffinity-purified lipoprotein particles and Lp-free plasma were analyzed by gel
filtration (Superose 6) and fractions were analyzed for GPI-PLD activity (closed circles) and apoA-I (open
circles) as in Fig. 1. No apoA-I or cholesterol was detected in the Lp-free plasma. Cholesterol and absorbance
at 280 nm were omitted for clarity. Results are from subject 2, Table 1 and are representative of samples from
two other subjects (1 and 4, Table 1). B: Aliquots (20 mg of apoA-I) of Lp[A-I] and Lp[A-I, A-II] or 5 ml of
plasma were separated by nondenaturing PAGE and immunoblotted with 612c as described in Experimental
Procedures. Standards include thyroglobulin (17.0 nm), ferritin (12.2 nm), catalase (10.4 nm), lactate dehy-
drogenase (8.1 nm), and BSA (7.1 nm). Results are representative of separate experiments from two subjects
(subjects 1 and 2; Table 1). Weak staining around 17 nm is nonspecific (not shown). C: An aliquot (5 ml) of
plasma or lipoprotein particles was separated by agarose electrophoresis and immunoblotted with anti-GPI-
PLD771 as described in Experimental Procedures. Migration of HDL (a) and LDL (b) particles was deter-
mined by lipid staining of a separate gel run in parallel. Purified apoA-I was used to identified pre-b particles.
The origin (O) is indicated.
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3). ApoA-I and BSA also disaggregate purified GPI-PLD
(17). In the presence of a 100-fold molar excess of apoA-I,
both forms of GPI-PLD were present (Fig. 4A, lane 4): the
aggregated GPI-PLD and a faster-migrating GPI-PLD band
with mobility comparable to the GPI-PLD complex in
serum. This suggests that apoA-I interacts directly with
GPI-PLD. Although the same amount of GPI-PLD was
used in the absence or presence of apoA-I, there was a
large increase in the total immunoreactivity in the pres-
ence of apoA-I (compare lanes 2 and 4, Fig. 4A). One pos-
sible explanation is a nonspecific effect of adding excess
protein, which may enhance recovery or transfer effi-
ciency of monomeric GPI-PLD. However, this does not ap-
pear to be the case because 

 

i

 

) adding nonspecific IgG to
the binding mixture either in the absence or presence of
apoA-I does affect the results and 

 

ii

 

) if 

 

125

 

I-labeled GPI-
PLD is used in the binding assay, similar results are ob-
tained (data not shown). This discrepancy is likely due to
the inefficient transfer of aggregated GPI-PLD out of the
gel and onto the nitrocellulose (data not shown). Finally,
dissociation may also induce a conformational change in
GPI-PLD resulting in increased immunoreactivity.

To confirm that apoA-I directly interacts with GPI-PLD,
GPI-PLD and apoA-I (100-fold molar excess) were incu-
bated together, and then DMS was added to cross-link in-
teracting proteins. In the absence of apoA-I, the native
GPI-PLD has an apparent molecular mass of 120 kDa on
SDS-PAGE (Fig. 4B, lane 1). In the presence of apoA-I (28
kDa), a new band with an apparent molecular mass of 141
kDa was identified with the GPI-PLD antibody after cross-
linking. These results are consistent with a direct interac-
tion between apoA-I and GPI-PLD with a 1:1 stoichiometry.

To determine the specificity of apoA-I interaction with
GPI-PLD, the interaction between GPI-PLD and apoA-IV
and BSA was examined. Both apoA-IV and BSA were able
to dissociate GPI-PLD as determined by the gel-shift assay

(Fig. 4A). However, the mobility of the dissociated GPI-
PLD was faster than the serum GPI-PLD complex and sim-
ilar to monomeric GPI-PLD. This raises the possibility that
apoA-IV and BSA are either forming a different complex
with GPI-PLD than forms with apoA-I, or that these pro-
teins may simply act as “detergents” to dissociate aggre-
gated GPI-PLD without forming a direct interaction with
GPI-PLD. This is supported by the observation that in con-
trast to apoA-I, apoA-IV, in 100-fold excess, does not cross-
link with GPI-PLD (Fig. 4B). However, BSA did cross-link
with GPI-PLD (Fig. 4B), but the cross-linked product was
identical in size to the apoA-I-GPI-PLD cross-linked prod-
uct. This raises the possibility that the cross-linked product
may represent apoA-I, which is commonly present in com-
mercial preparations of BSA.

To further characterize the GPI-PLD interaction with
apoA-I, we examined the concentration dependence of
apoA-I interaction with GPI-PLD. With increasing amounts
of apoA-I, there was an increase in the amount of mono-
meric GPI-PLD, consistent with dissociation of aggregated

Fig. 3. Immunoprecipitation of GPI-PLD complexes from human
plasma. Polyethylene glycol-treated human serum was incubated
with nonspecific mouse IgG1 (control, con) or 612c and complexes
were precipitated as described in Experimental Procedures. Precip-
itates were probed for the indicated apolipoprotein by Western
blotting. Anti-GPI-PLD771 was used to identify GPI-PLD. Positive
controls were purified protein or human serum (data not shown).
Results are from subject 1 in Table 1, with similar results with
plasma from subject 3 in Table 1. Aby, Antibody.

Fig. 4. GPI-PLD binding to apoA-I, apoA-IV, and BSA. A: Purified
GPI-PLD (0.2 mg) was incubated in the absence or presence of NP-40
(1 NP-40), apoA-I (100-fold molar excess), apoA-IV (100-fold mo-
lar excess), or BSA (100-fold molar excess) and complexes were
separated by nondenaturing gel electrophoresis. GPI-PLD was iden-
tified by Western blotting as described in Experimental Procedures.
Human serum (0.5 ml) was used for comparison. The cathode (1)
and anode (–) are indicated. B: GPI-PLD was incubated in the ab-
sence or presence of apoA-I (100-fold molar excess), apoA-IV (100-
fold molar excess), or BSA (100-fold molar excess) and proteins
were cross-linked with DMS. Proteins were separated by SDS-PAGE
and GPI-PLD was identified by Western blotting with anti-GPI-
PLD771. DMS did not alter the immunoreactivity of GPI-PLD (data
not shown). Molecular mass standards are indicated.
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GPI-PLD (

 

Fig. 5A

 

). At low molar ratios, GPI-PLD mi-
grated with the same mobility as monomeric GPI-PLD.
With increasing concentrations of apoA-I, there was a de-
crease in the mobility of GPI-PLD. At a 100-molar excess,
the apoA-I:GPI-PLD complex had a mobility similar to
that of the GPI-PLD complex in serum (Fig. 5A). These
results are summarized in Fig. 5B (a mobility identical to
monomeric GPI-PLD is equivalent to a value of 1, whereas
a mobility identical to the GPI-PLD complex in serum has
a value of 0). The 50% effective concentration was equiva-
lent to a 10-fold excess of apoA-I, similar to previous re-
ports utilizing a different assay to measure the apoA-I:GPI-
PLD interaction (17).

Consistent with the cross-linking data, apoA-IV did not
alter the mobility of GPI-PLD (Fig. 5B). In contrast,
higher molar concentrations (

 

>

 

10-fold excess) of BSA did
alter the mobility of GPI-PLD, but not as effectively as
apoA-I (Fig. 5B).

 

Effect of apoA-I on GPI-PLD-mediated release
of GPI-anchored proteins from intact cells

 

Purified GPI-PLD does not release GPI-anchored pro-
teins from the cell surface (14–16). To determine whether
apoA-I and/or apoA-IV enhances GPI-PLD-mediated re-
lease of a GPI-anchored protein from an intact cell, the

release of AChE from porcine erythrocytes was examined.
A GPI-PLD complex with apoA-I and/or apoA-IV was
formed as described above and then added to porcine
erythrocytes. Under basal conditions, a small amount of
AChE is released into the medium (

 

Fig. 6). Adding PI-PLC
causes a significant release of AChE. However, GPI-PLD in
the absence or presence of apoA-I did not cause a signifi-
cant release of AChE. These results suggest that apoA-I
and apoA-IV are not sufficient for GPI-PLD cleavage of a
cell surface GPI-anchored protein.

DISCUSSION

HDL is a heterogeneous population of lipoprotein par-
ticles differing in protein and lipid composition. Minor
HDL-associated proteins play important roles in lipid me-
tabolism and/or atherosclerosis. Some of these proteins
are associated with a variety of HDL particles whereas others
form a specific HDL of a particular lipid and protein com-
position. We report here that the majority of GPI-PLD in
humans associates with a specific HDL lipoprotein con-
taining apoA-I and apoA-IV.

Apolipoproteins associated with lipoproteins generally
have hydrophobic domains that allow interaction with lipids.
GPI-PLD is amphiphilic (4) and it is intuitive that GPI-
PLD may associate with lipids simply on the basis of hydro-
phobic interaction. Some HDL-associated proteins, for
example, lecithin:cholesterol acyltransferase, cholesterol
ester transfer protein, and paraoxonase, are found pre-
dominately on Lp[A-I] particles, whereas apoE, apoD,
and apoC are found on Lp[A-I, A-II] (28–30). GPI-PLD

Fig. 5. Concentration dependence of apoA-I binding to GPI-
PLD. GPI-PLD (0.2 mg) was incubated with increasing amounts of
apoA-I (A), A-IV, or BSA (1- to 100-fold molar excess) and GPI-PLD
complexes were separated by nondenaturing gel electrophoresis
and identified by Western blotting as described in the legend to
Fig. 4. The cathode (1) and anode (–) are indicated. B: Results
from three independent experiments 6 SD. Mobility of mono-
meric GPI-PLD and GPI-PLD complexes in serum correspond to
mobilities of 1 and 0, respectively. The formula for calculating mo-
bilities is discussed in Experimental Procedures.

Fig. 6. Effect of GPI-PLD on release of acetylcholinesterase
(AChE) from porcine erythrocytes. Porcine erythrocytes were iso-
lated and incubated with buffer; GPI-PLD (0.5 mg); GPI-PLD (0.5
mg) in the presence of a 100-fold molar excess of apoA-I, A-IV, or
both together; or phosphatidylinositol phospholipase C (PI-PLC)
(1 U/ml). Medium content of AChE was determined after a 60-min
incubation as described in Experimental Procedures. Results are
means 6 SD from three independent experiments.
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forms primarily a small, discrete particle with the predom-
inant GPI-PLD complex containing apoA-I and apoA-IV.
This complex represents a minor component of the total
apoA-I in plasma. The concentration of GPI-PLD in human
plasma has been estimated at 5–10 mg/ml (31). Given
that the apoA-I concentration is approximately 1 mg/ml
and assuming a 1:1 stoichiometry of interaction, GPI-PLD
is associated with no more than 0.2% of the total apoA-I.
From the data presented here, it cannot be determined
whether this represents a protein complex or truly a lipo-
protein particle.

The limited distribution of GPI-PLD to Lp[A-I] also
suggests that there is a unique feature of this particle/
complex that accounts for the restricted distribution of
GPI-PLD. Our binding studies suggest that protein inter-
action with purified GPI-PLD may involve two different
steps. The first step is to dissociate the aggregated GPI-
PLD. This may likely represent a nonspecific hydrophobic
interaction because apoA-I, apoA-IV, and BSA, but not
IgG (data not shown), dissociate the aggregated GPI-PLD
into monomers. This is consistent with previously pub-
lished work showing that both apoA-I and BSA can dissoci-
ate aggregated GPI-PLD (17). The second step is a direct
interaction between the protein and GPI-PLD that can be
identified by cross-linking and a change in the mobility of
the GPI-PLD complex. This appears to be specific for
apoA-I because we were unable to demonstrate apoA-IV
cross-linking to GPI-PLD or changes in GPI-PLD mobility
on a nondenaturing gel. This is the first demonstration of
a difference between apolipoproteins in interacting with
GPI-PLD. Incubating GPI-PLD with BSA also altered the
mobility of GPI-PLD on a nondenaturing gel and identi-
fied a cross-linked protein. However, the cross-linked pro-
tein was identical in mass (141 kDa) to the product formed
between apoA-I and GPI-PLD. Hence it is possible that the
apoA-I contamination present in most commercial BSA
preparations may account for some or all of the effects
seen with BSA in these experiments.

These results raise the possibility of a specific apoA-I-
binding site on GPI-PLD. Consistent with this is our obser-
vation that the phosphorylation of GPI-PLD inhibits bind-
ing to apoA-I but not GPI-PLD-mediated inhibition of islet
amyloid polypeptide fibril formation (M. A. Deeg, D. M.
Larson, R. F. Bowen, M. A. Kennedy, and C. B. Verchere,
unpublished observations). Interestingly, this differs from
the interaction between paraoxonase and apoA-I, where it
appears that apoA-I induces a specific lipid-binding do-
main. Paraoxonase appears to bind to the induced lipid do-
main and not directly with apoA-I (32). Although apoA-IV
also immunoprecipitated with 612c, apoA-IV did not inter-
act directly with GPI-PLD. This suggests that the apoA-IV as-
sociated with the GPI-PLD-containing particle may interact
with the lipids or some other component of the particle.
The specific interaction of apoA-I with GPI-PLD could re-
sult from the conformation of apoA-I. ApoA-I conforma-
tion is influenced by the lipid composition of the particle
(33, 34) or other proteins that could alter the interaction of
apoA-I with GPI-PLD. This may explain the relatively
smaller amount of GPI-PLD associated with Lp[A-I, A-II].

There appear to be two populations of Lp[A-I, A-II]
that contain GPI-PLD. The major population has charac-
teristics similar to those of the GPI-PLD associated with
Lp[A-I], suggesting a similar composition. The minor pop-
ulation of GPI-PLD in Lp[A-I, A-II] is larger by gel filtra-
tion (Fig. 3) and may contain more than one molecule of
apoA-I, apoA-II, or GPI-PLD per particle. Alternatively,
this minor fraction may contain more lipids or other pro-
teins such as apoE. We did not detect apoA-II in the im-
munoprecipitates with 612c. It is likely that the apoA-II
present in the immunoprecipitate may have been below
the level of detection because we used serum from indi-
viduals with low amounts of GPI-PLD in the Lp[A-I, A-II]
fraction. The composition of the GPI-PLD-containing par-
ticles will require a large-scale isolation of GPI-PLD-
containing particles.

The role of apoA-I in the function of GPI-PLD is still un-
clear. Adding apoA-I or apoA-IV to GPI-PLD did not stim-
ulate cleavage of AChE from porcine erythrocytes. This is
consistent with earlier observations that purified GPI-PLD
or whole serum does not cleave GPI-anchored proteins
from cells unless detergent is added to the cells or isolated
membranes (14–16). The resistance of GPI-anchored pro-
teins to cleavage by GPI-PLD results from the membrane
environment of the GPI-anchored protein (14). Although
we originally hypothesized that apoA-I might perturb the
plasma membrane, apoA-I and/or apoA-IV is insufficient
to stimulate GPI-PLD cleavage of GPI-anchored proteins.
If serum GPI-PLD does cleave cell surface GPI-anchored
proteins, then it must be regulated, because enough
GPI-PLD is present in serum to cleave all the surface
GPI-anchored proteins in minutes (11). Another specula-
tion is that apoA-I directs delivery of GPI-PLD and the
lipoprotein-associated GPI-anchored proteins (35, 36) to
a specific locale, either extracellular or intracellular, for
release of the protein and/or phosphatidic acid, both of
which may be biologically active. Obviously, if circulating
GPI-PLD is involved in cleaving GPI-anchored proteins,
the mechanism is much more complex than simply pre-
senting the protein to the cell. Finally, it is possible, too,
that the function of GPI-PLD in serum may involve other
interprotein interactions independent of its catalytic activ-
ity similar to lipoprotein lipase and hepatic lipase (37, 38).

The lack of an effect of apoA-I on GPI-PLD activity ap-
pears to be at odds with previous published work demon-
strating that apoA-I stimulated GPI-PLD activity in vitro
(17). Those studies utilized a purified substrate in a deter-
gent (Triton X-100) micelle rather than release of a GPI-
anchored protein from intact cells. ApoA-I stimulated
GPI-PLD under those conditions only when the detergent
concentration in the assay was near the critical micelle
concentration. This effect was not specific to apoA-I be-
cause apoA-II and apoA-IV and, to a lesser extent, BSA
also stimulated GPI-PLD activity under the same condi-
tions (17). We, too, have noted that apoA-I affected GPI-
PLD activity near the critical micelle concentration of NP-
40, but the effect was variable: in some experiments apoA-I
stimulated and in others inhibited GPI-PLD activity as
much as 650% (data not shown). Together, these results
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suggest that the apolipoprotein effects on GPI-PLD activ-
ity, when measured near the critical micelle concentration
of the detergent in the assay, may derive from nonspecific
hydrophobic interactions and/or lipid contaminants in
the protein preparations. Although each preparation of
GPI-PLD used in these experiments is examined for ex-
pected biochemical properties (enzymatic activity, phos-
phorylation, and trypsin cleavage pattern as well as apoA-I
binding), we cannot eliminate the possibility that the con-
formation of GPI-PLD is subtly altered with purification as
occurs with apoE (39). Regardless, the debate about
whether GPI-PLD is enzymatically active in serum is tem-
pered by the observation that bicarbonate, at concentra-
tions present in serum, inhibits GPI-PLD activity via car-
bamylation (40).

In summary, GPI-PLD forms a small, discrete complex
with apoA-I and apoA-IV in human serum. ApoA-I directly
interacts with GPI-PLD but does not stimulate GPI-PLD-
mediated release of a GPI-anchored protein from erythro-
cytes. Although the function of GPI-PLD is unknown, pre-
liminary data demonstrate that GPI-PLD also exchanges
between HDL and VLDL in the postprandial state and
that GPI-PLD enhances VLDL-binding to hepatocytes (M. A.
Deeg and R. F. Bowen, unpublished observations). Many
HDL-associated proteins involved in VLDL metabolism,
including apoC, apoE, and apoA-IV, exchange between
HDL and VLDL in the postprandial state. Further experi-
ments are required to examine this potential role of GPI-
PLD in lipid metabolism.
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